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Membrane tubulation coupled with fission (MTCEF) is a widespread phenomenon but
mechanisms for their coordination remain unclear, partly because of the lack of assays
to monitor dynamics of membrane tubulation and subsequent fission. Using polymer
cushioned bilayer islands, we analyze the membrane tubulator Bridging Integrator 1
(BIN1) mixed with the fission catalyst dynamin2 (Dyn2). Our results reveal this mix-
ture to constitute a minimal two-component module that demonstrates MTCE. MTCF
is an emergent property and arises because BIN1 facilitates recruitment but inhibits
membrane binding of Dyn2 in a dose-dependent manner. MTCEF is therefore apparent
only at high Dyn2 to BIN1 ratios. Because of their mutual involvement in T-tubules
biogenesis, mutations in BIN1 and Dyn2 are associated with centronuclear myopathies
and our analysis links the pathology with aberrant MTCE Together, our results establish
cushioned bilayer islands as a facile template for the analysis of membrane tubulation
and inform of mechanisms that coordinate MTCE
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Live cell imaging has provided valuable insights into the dynamics of reactions involving
membrane tubulation coupled with fission (MTCF) during muscle development, cell
migration, vesicular transport, and the entry of toxins (1-7). A striking example of a
regulated tubulation process is apparent during the formation of T-tubules, which are
regularly spaced plasma membrane invaginations in cardiac and skeletal muscle cells. Their
growth and maturation during muscle development coincides with a change in their
protein composition, which allows them to become tightly associated with the sarcoplasmic
reticulum and thereby facilitate synchronous excitation—contraction coupling (8, 9). The
muscle-specific isoform (isoform 8) of amphiphysin 2, also called Bridging Integrator 1
(BIN1), and the ubiquitous isoform of dynamin2 (Dyn2) are critical structural compo-
nents of T-tubules (10). BIN1 contains an N-BAR domain at the N terminus that bends
membranes and a Src homology 3 (SH3) domain at the C terminus that interacts with
the proline-rich domain (PRD) in dynamins (11, 12). The clathrin and adaptor protein
2 binding motifs are absent in BIN1. Instead, BIN1 contains a polybasic (PI) stretch of
amino acids, which confers it with the enhanced ability to bind phosphoinositide lipids
(10, 12). Dynamins are large multimeric GTPases known for their role in membrane
fission (13, 14). Mutations in BIN1 and Dyn2 are linked to autosomal dominant and
recessive forms of centronuclear myopathies (CNMs), which are a group of congenital
hereditary disorders characterized by disorganized T-tubules leading to uncoordinated
force generation and muscle hypotrophy (15). The relative levels of BIN1 and Dyn2 are
tightly regulated during development, with an increase in BIN1 and a decrease in Dyn2
levels correlating with increased T-tubule densities in muscle cells (16). Increased expres-
sion of Dyn2 inhibits T-tubule growth during development and overexpression of Dyn2
in myoblasts leads to the fragmentation of BIN1 tubules (17, 18). Additionally, modu-
lating Dyn2 levels rescues CNM-like defects in disease models (17, 19-22). Previous
reports indicate that BIN1 negatively regulates Dyn2 functions. Thus, BIN1 inhibits
dynamin’s stimulated GTPase activity and reduces Dyn2’s ability to vesiculate membranes
(20, 23-26). From a protein design standpoint, if the sole function of BIN1 was to tubulate
membranes then just the N-BAR domain and the PI stretch should have sufficed. But
BIN1 contains the dynamin-interacting SH3 domain, which implies that fission of BIN1
tubules must at some point be critical for T-tubules biogenesis.

Despite the relevance of membrane tubulation in physiology, a mechanistic under-
standing of the function of participant proteins has largely relied on end-point analyses
of tubulated liposomes. Such analyses have provided valuable information into the organ-
ization of proteins on tubulated membranes. But real-time visualization of early interme-
diates and their dynamics, especially when tubulation is coupled with fission, remain
missing. This is because of the lack of suitable membrane templates that are amenable to
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Integrator 1 (BIN1). But BIN1 also
contains a Src homology 3 (SH3)
domain that recruits the fission
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tubulation reactions on polymer
cushioned lipid bilayers.
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tubules are resilient to dynamin-
catalyzed fission. Together, our
results explain how a specific BAR
domain protein has evolved
mechanisms that ensure tubule
stability.

Author affiliations: “Indian Institute of Science Education
and Research, Pashan, Pune 411008, Maharashtra, India

Author contributions: S.B. and T.J.P. designed research;
S.B. performed research; S.B. contributed new reagents/
analytic tools; S.B. and T.J.P. analyzed data; and S.B. and
T.J.P. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2024 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

"To whom correspondence may be addressed. Email:
pucadyil@iiserpune.ac.in.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2402180121/-/DCSupplemental.

Published May 8, 2024.

10of 11


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:pucadyil@iiserpune.ac.in
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2402180121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2402180121/-/DCSupplemental
https://orcid.org/0000-0001-9975-1389
mailto:
https://orcid.org/0000-0002-2907-9889
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2402180121&domain=pdf&date_stamp=2024-5-8

2of 11

real-time visualization and monitoring of membrane tubulation.
Giant unilamellar vesicles (GUVs) are a popular template but their
finite reservoir deters membrane tubulation because of heightened
membrane tension. Supported bilayers with excess reservoir
(SUPER) templates are a workaround, but their spherical geom-
etry, as is also the case with GUVs, renders it difficult to track
early intermediates during the tubulation reaction (27). Planar
supported lipid bilayers (SLBs) possess the ideal geometry, but
those formed by vesicle fusion on glass are difficult to tubulate
because of strong interactions between membrane lipids and the
glass surface. This is evident from the dramatic tubulation seen
with multilamellar membrane sheets, where the bulk of the mem-
brane reservoir is not in contact with glass (24, 28). But the use
of multilamellar membrane sheets has been restricted to visualizing
late stages of membrane tubulation reactions, only after long
tubules have been drawn out from the membrane reservoir.

Ingenious adaptations in the form of SLBs formed on polymer
cushions have reported enhanced diffusion of membrane lipids
that facilitate protein-induced membrane remodeling (29-32).
Inspired by these findings, we report the utility of polyethylene
glycol (PEG)-cushioned planar bilayer islands for the quantitative
analysis of membrane tubulation as well as MTCF using BIN1
and Dyn2.

Results

Cushioned Planar Bilayer Islands as Pliable Templates for
Membrane Tubulation. Based on previous work from our lab
and others, a facile route to forming PEG-cushioned membrane
templates is by spreading lipids in an organic solvent as a thin film on
a glass coverslip covalently attached to PEG (S] Appendix, Fig. S14).
Drying off the solvent and subsequent hydration converts the lipid
film into large planar bilayer islands (S7 Appendix, Fig. S1B) (29,
33, 34). The vast expanse of the planar bilayer sometimes displays
membrane buds and nanotubes, which appear brighter than the
underlying bilayer because of the higher membrane area in the
optical path (SI Appendix, Fig. S1B). Since we were interested in
testing BIN1 and Dyn2, we first analyzed their phosphoinositide
lipid-binding specificity. We used the proximity-based labeling of
membrane-associated proteins (PLIMAP) assay, which monitors
membrane binding based on proximity-based cross-linking of
proteins to a bifunctional lipid probe containing a photoactivable
diazirine moiety at the head and a fluorophore (BODIPY FL or
BODIPY TMR) at the tail of phosphatidylethanolamine (35, 36).
On liposomes containing 5 mol% of different phosphoinositide
lipids and 1 mol% of the bifunctional probe in the background of
DOPC, BIN1 displays a binding preference in the order of PI(4,
5)P, > PI(3, 4, 5)P; > PI(3, 4)P, = PI(3)P > PI(3, 5)P, > PI(4P)
> PI(5)P (81 Appendix, Fig. S1C). The apparent binding affinity
of BIN1 for PI(4, 5)P, was ~0.13 pM (SI Appendix, Fig. S1D),
which falls in the range of previous estimates (37). On the other
hand, Dyn2 displays a binding preference in the order of PI(4, 5)
P, > PI(3, 4)P, > PI(3, 4, 5)P; » PI(3, 5)P, > PI(3)P 3> PI(4D) =
PI(5)P (81 Appendix, Fig. S1C). Since PI(4, 5)P, is the preferred
phosphoinositide lipid for both BIN1 and Dyn2, we tested bilayer
islands with 5 mol% of PI(4, 5)P, and 15 mol% DOPS in the
background of DOPC. The lipid mixture contained 0.5 mol% of
the fluorescent lipid analogue Texas Red-DHPE. Flowing 1 pM of
the PI(4, 5)P, sensor mEGFP-PLCS PH domain showed uniform
binding to the island with no apparent effect on membrane
morphology (87 Appendix, Fig. S1E). This confirms that P1(4, 5)
P, is readily accessible and uniformly distributed on the island,
and that the templates are stable to protein binding.

https://doi.org/10.1073/pnas.2402180121

Remarkably, flowing 0.2 pM BIN1-mEGFP caused rapid and
profuse tubulation of the island, which in turn caused the bilayer
to retract and shrink in size (Fig. 14 and Movie S1). In contrast,
flowing a 12-fold higher concentration of 2.5 pM BIN1 on SLBs
formed by liposome fusion on glass showed protein binding but
no apparent tubulation (87 Appendix, Fig. S1F), signifying that
cushioned bilayer islands are readily amenable to membrane tubu-
lation. After 10 min, BINI-exposed bilayer islands displayed
bright tubules that formed an extensive network (Fig. 1B, white
arrows), which was also confirmed in scanning electron micro-
graphs (SEM) (Fig. 1C, white arrows). This was because BIN1
tubules showed a tendency to coil around each other (Fig. 1D and
Movie S2). Photobleaching the fluorescent lipid probe in a large
region of the island displaying a BIN1-coated tubular network
showed fluorescence recovery with time (87 Appendix, Fig. S1G
and Movie S3). Fluorescence on BIN1-coated tubules recovers to
the same extent as that seen on the undetlying bilayer (S Appendix,
Fig. S1H), indicating that the tubules are connected to the island.

Next, we imaged the BIN1-induced tubulation reaction at a high
frame rate and analyzed tubules before they began to coil. The mild
flow of buffer laid down emergent tubules, which allowed them to
be easily imaged (Fig. 1 £and Movie $4). Tubules grew at an appar-
ent rate of ~0.9 pm s (Fig. 1F). From a fluorescence-based cali-
bration procedure, the estimated size of tubules was ~17 nm in
radius (Fig. 1G), which agrees well with the scaffold dimension from
cryo-electron microscopy (cryo-EM) reconstructions of BIN1-coated
liposomes (38) and our previous estimates of BIN1 scaffolds on
membrane nanotubes (39). Because of their tendency to coil rapidly,
we were unable to verify tubule sizes from SEM.

To monitor early stages of the tubulation reaction, we flowed
a low concentration of 50 nM BIN1 and imaged the island. The
protein first bound uniformly and with time organized into foci,
which likely represent oligomers, that diffused on the island
(Fig. 1 H, white arrow, Movie S5). Foci that were relatively less
mobile and therefore easier to track in both the protein and mem-
brane channels showed a coincident enrichment in BIN1 and
membrane fluorescence, implying that the BIN1 oligomer tubu-
lates the underlying bilayer (Fig. 1/). We analyzed the kinetics of
this process on the less mobile BIN1 foci, which were identified
by overlaying time-lapse images of BIN1 on the bilayer acquired
10 s apart (8] Appendix, Fig. S2A). Tracking fluorescence changes
on one such oligomer in time showed a sharp rise in both BIN1
and membrane fluorescence, signifying kinetics of nucleation and
growth of a BIN1 tubule (87 Appendix, Fig. S2B). Surprisingly,
the onset of rise in BIN1 fluorescence occurred before the onset
of rise in membrane fluorescence (S7 Appendix, Fig. S2C). Indeed,
a cumulative analysis of several independent events showed this
to be a consistent feature, with the onset of rise in BIN1 and
membrane fluorescence being separated by almost 20 s (Fig. 1)).
This indicates that BINT first forms an oligomer that is likely flat
in topology, which grows by recruiting molecules from solution
and eventually acquires curvature and the capacity to tubulate the
membrane. Thus, BIN1 oligomerization and membrane tubula-
tion are sequential and not concurrent processes. It is however
likely that such a trend reflects the behavior of the relatively less
mobile BIN1 foci analyzed here.

CNM-Linked BIN1 Mutants Are Defective in Membrane
Binding and Tubulation. The BIN1 N-BAR domain comprises a
trihelical coiled-coil domain that forms a crescent shaped dimer
with positively charged residues on the concave, membrane
binding surface (Fig. 24) (40). Despite their structural similarity,
BIN1 shows significant differences compared to other BAR
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Fig. 1. Dynamics of BIN1-induced membrane tubulation. (A) Time-lapse images from Movie S1 of a bilayer island exposed to BIN1-mEGFP. The membrane is
colored in gray and inverted in contrast. Fluorescence (B) and scanning electron microscopic (C) images showing BIN1 tubules on the bilayer island after 10 min.
The membrane is colored in gray and inverted in contrast. Tubules are marked by white arrows. (D) Time-lapse images from Movie S2 showing coiling of BIN1
tubules. BINT-mEGFP is colored in gray and inverted in contrast. () Time-lapse images from Movie S4 showing initiation and growth of BIN1 tubules, marked by
white arrows. BIN1-mEGFP is colored in gray and inverted in contrast. (F) Plot showing growth rate of BIN1 tubules. Time is normalized to when tubules became
apparent. Data represent the mean + SD of nine tubules. (G) Plot showing the radius of BIN1 tubules. Data represent the mean + SD radius of 37 separate and
uncoiled tubules. (H) Time-lapse images from Movie S5 showing the formation of BINT-mEGFP oligomers on the bilayer island. The membrane is colored in gray
and inverted in contrast. (/) Fluorescence profile showing that the BIN1 oligomer, marked by the white arrow in (H), coincides with high membrane fluorescence.
(/) Plot showing kinetics of BIN1 oligomerization and membrane tubulation fitted to a segmental linear regression equation. Data represent the mean + SD of
fluorescence intensities of five independent events.
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Fig. 2. CNM-linked BIN1 mutants are defective in membrane binding and tubulation. (A) Structure of the BIN1 N-BAR domain (PDB: 2FIC) rendered as a space
filling model and colored based on electrostatics using ChimeraX (45). The structure marks the tip residues. (B) Fluorescence images showing the distribution
of WT and the indicated mutants on a bilayer island. The membrane is colored in gray and inverted in contrast. White arrows in WT, R145C, and R154Q panels
mark membrane tubules. Data represent the mean + SD radius of 47 and 33 separate and uncoiled tubules for R145C and R154Q, respectively. (C) Plot showing
membrane density of WT and CNM-linked BIN1 mutants measured as the BINT-mEGFP to membrane fluorescence ratio. Data represent the mean + SD of
fluorescence ratio on 6 to 18 ROIs on multiple bilayer patches. Statistical significance was estimated using Mann-Whitney's test where **** denotes P < 0.0001.
(D) Membrane tubulation defined as the increase of membrane fluorescence over bilayer fluorescence for WT and mutants. Data represent the mean + SD of
fluorescence on 6 to 18 ROIs on multiple bilayer patches. Statistical significance was estimated using Mann-Whitney's test where **** denotes P < 0.0001 and
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** denotes P = 0.0016.

domain—containing proteins (38). BIN1 tubules are more rigid
because of additional interactions between neighboring BAR
domains and tighter protein packing on the tubule (38). Cryo-
EM reconstructions indicate that one tip (residues 130 to 190)
of the N-BAR dimer wedges into the membrane while the other
points outward. Tip insertion into the membrane facilitates
optimal packing of the oligomer (38). As is the case for other
N-BAR proteins, the unstructured N-terminal region forms an
amphipathic H helix upon binding membranes and its insertion
bends the membrane and stabilizes protein—protein contacts in
the packed oligomer (40-42). Furthermore, tip residues have
also been shown to become ordered upon membrane insertion
(41). Importantly, mutations in the tip and the Hy, helix residues
are linked to CNM and previous analyses have shown defects in
membrane binding and tubulation (10, 21, 43). A more recently
identified tip mutant R145C is also linked to CNM (44).

We tested the tip and H,, helix mutants on bilayer islands. We
flowed 0.2 pM of these mutants and waited for 10 min. Following
this, we washed off excess protein and imaged the bilayer. These
experiments showed that the tip mutants R145C and R154Q
bound the membrane and were able to form tubules (Fig. 2B).

https://doi.org/10.1073/pnas.2402180121

Membrane binding was quantified by estimating the protein to
membrane fluorescence ratio in a region of interest (ROI) on the
bilayer. Such analysis revealed significant defects in membrane
binding in the mutants compared to that seen with WT under
similar conditions (Fig. 2C). Tubulation leads to an increase in
fluorescence of the bilayer because of the higher membrane area in
the optical path. We quantified the increase in membrane fluores-
cence in an ROI on the bilayer as a measure of the extent of tubu-
lation. Such analysis revealed that R145C and R154Q) tubulated
membranes to a significantly lower extent than WT (Fig. 2D).
Tubules formed with these mutants had a radius of ~10 nm for
R145C and ~11 nm for R154Q (Fig. 2B and Movies S6 and S7),
significantly thinner than that seen with WT (Fig. 1G) (< 0.001,
Mann—Whitney’s test). Thus, these mutations reduce binding and
tubulation but surprisingly organize into forming a scaffold of
thinner dimensions. In contrast, the other tip mutant D151N
showed no binding to the bilayer (Fig. 2 Band C), consistent with
earlier results on PI(4, 5)P,-containing membranes (43).
Importantly, the H, helix mutant AK21 showed binding but no
tubulation (Fig. 2 B-D), thus emphasizing the important role of
H, helix insertion in membrane tubulation. The CNM-linked
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mutations therefore appear to cause distinct and separable effects
on BIN1 functions in membrane binding and tubulation. R145C
and R154Q are partially defective in tubulation which likely arises
from a defect in membrane binding, D151N abrogates membrane
binding, while AK21 can bind but is defective in tubulation.

BIN1 and Dyn2 Comprise a Minimal Two-Component MTCF
Module. Besides membrane tubulation, BIN1 recruits dynamin
during the formation of T-tubules in muscle cells (20, 21, 25, 46).
Flowing just Dyn2 onto cushioned bilayers showed no significant
binding to the planar bilayer, but it bound preexisting buds and
tubes (Fig. 34, white arrows and Fig. 3B), consistent with its
preference for binding membranes of high curvature (39, 47).
Bilayer islands therefore present a significant advantage because
it would report Dyn2 functions only in response to membrane
tubulation. To recreate a physiological scenario where both
proteins encounter each other, we flowed a premixed solution
of BIN1, Dyn2, and GTP onto the bilayer islands. Remarkably,
this produced an outcome quite different from the extensive
tubulation seen with BIN1 alone (Fig. 14). The islands now
displayed numerous bright foci (Fig. 3C and Movie S8), which
appeared as buds in SEM (Fig. 3D). Importantly, bleaching the
fluorescent lipid probe showed recovery on the underlying bilayer
but not in foci (Fig. 3£ and Movie S9) and seen in the recovery
plot (Fig. 3F). Since BIN1 (87 Appendix, Fig. S1 G and H) and
dynamin (48) do not impose a lipid diffusion barrier, the lack of
fluorescence recovery in the foci indicates that the foci/buds are
severed vesicles. The severed vesicles contained both BIN1 and
Dyn2 indicating that Dyn2 remains associated with BIN1 even
after fission (Fig. 3C). We are unsure why the vesicles remain
tethered to the island but multivalent interactions between BIN1
and Dyn2 on the vesicle and the bilayer could have contributed to
the tethering. Together, these results indicate that BIN1 and Dyn2
comprise a minimal two-component module that can manage
MTCE

Replacing BIN1 with a construct lacking the SH3 domain
(BINTASH3) showed tubulation but no fission (Fig. 3G), indicat-
ing that Dyn2 requires to be bound to BINI1 for fission.
Furthermore, fission required a high relative concentration of
Dyn2. Thus, reactions with equimolar concentrations of Dyn2 and
BIN1 or even with a twofold molar excess of Dyn2 showed only
tubulation and no fission (Fig. 3H). The binding affinity of the
BIN1 SH3 domain for the Dyn2 PRD is ~70 uM (37) and recent
analysis reports an affinity of the BIN1 SH3 domain for Dyn2 to
be ~90 pM (11). But Dyn2 was present on BIN1 tubules under
conditions that showed no fission (Fig. 3H) or throughout reactions
that led to the formation of vesicles (Fig. 3C). Therefore, the
requirement of high relative concentrations of Dyn2 for fission is
quite unexpected and cannot be attributed solely to the low binding
affinity between these proteins.

Pathway to MTCF. Dual-channel time-lapse imaging revealed the
fleeting appearance of tubular intermediates that were positive for
BIN1-mEGEFP and Dyn2-mCherry (Fig. 44, white arrows and
Movie S8). To better analyze this reaction, we recorded time-
lapse images of BIN1-mEGFP mixed with excess Dyn2 at a high
frame rate, for which imaging was restricted to a single channel.
In the absence of GTD, flowing this mixture formed tubules from
the bilayer island (Fig. 4B, black arrows, Movie S10). Tubules
grew at a rate of ~1 pm 5! (Fig. 4C), similar to that seen before
with just BIN1 (Fig. 1F). Thus, the presence of Dyn2 does not
affect the tubule growth rate. Furthermore, tubules grew while
remaining tethered to the island (Fig. 4B, black arrows) and the
fact that they grew at a rate like that seen in the absence of Dyn2
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(Fig. 1F) suggests that the growth rate reflects an intrinsic property
of BINT oligomerization and is not influenced by tethering or
buffer flow. Eventually, tubules started coiling upon themselves
or with other tubules in the vicinity and coalesced into bright foci
(Fig. 4B, green arrows). Flowing a mixture of BIN1 and Dyn2
in the presence of GTP led to the formation of tubules (Fig. 4D,
black arrows), which quickly got severed (Fig. 4D, yellow arrows,
Movie S11). Tubules sometimes displayed more than one fission
event resulting in the formation of multiple tubule fragments. As
was seen in the absence of GTP, tubules showed a tendency to
coil before or after fission and coalesce into bright foci (Fig. 4D,
green arrows). Tubules grew at a rate of ~0.8 pm s (Fig. 4E) and
the time interval between the appearance and fission of a tubule
for a number of such events was ~5 s (Fig. 4F), which puts the
fission rate at ~0.2 s

Mechanistic Basis for MTCF. Our results suggest that membrane
tubulation and fission are temporally linked, i.e., tubules grow for
a while before fission is apparent (Movie S11). This could merely
arise from Dyn2’s preference for binding high curvature tubules
such that fission manifests only upon the formation of a BIN1
tubule. But results with BINTASH3 indicate that the formation
of a tubule of high curvature is by itself not sufficient for fission.
This suggests that Dyn2 incorporated in the growing BIN1 tubule
must be inhibited in fission and the requirement for high relative
concentrations of Dyn2 could reflect the necessity to overcome
this inhibition.

The obligatory requirement of BIN1 for tubulation makes it
difficult to analyze the effects of BIN1 on Dyn2 functions. We
therefore turned to analyzing Dyn2 functions on preformed nano-
tubes of the same lipid composition as bilayer islands. Control
experiments revealed that BIN1 facilitates the recruitment of
Dyn2 onto nanotubes of a wide range of sizes via the SH3 PRD
interaction (SI Appendix, Fig. S3 A and B). Flowing 0.1 pM Dyn2
with GTP caused rapid and processive severing of nanotubes
(Movie S12). We then analyzed the effect of flowing 0.1 pM Dyn2
and GTP mixed with increasing concentrations of BIN1. Imaging
the nanotubes after 10 min revealed fission till a concentration of
0.6 uM BINT1 (Fig. 54). At 0.6 uM BIN1, nanotubes were com-
pletely refractory to fission (Movie S13). This is apparent from
estimates of the fraction of nanotubes showing at least one cut
after 10 min (Fig. 5B, black dataset). Time-lapse imaging revealed
inhibitory effects even at lower BIN1 concentrations. This is
apparent from estimates of the frequency of cuts on individual
nanotubes after a short 2 min interval (S7 Appendix, Fig. S3C,
black data). BIN1 therefore inhibits Dyn2-catalyzed membrane
fission in a dose-dependent manner.

The N-BAR and SH3 domain—containing protein endophilin
inhibits Dyn1 functions by interfering with the formation of Dyn1
scaffolds, which is necessary for stimulated GTP hydrolysis and
fission (49). But a mechanism involving structural inhibition should
have influenced BIN1 tubule growth rates in the presence of Dyn2,
especially when they are both present on the tubule, which is not
the case (Figs. 17 and 4C). How then can the inhibition of Dyn2
functions by BIN1 be explained? To address this, we performed a
coupled liposome cosedimentation and PLIMAP assay with Dyn2
and BINI. Cosedimentation reports on the total levels of
liposome-associated proteins while PLIMAP reports on their prox-
imity to the membrane interface, which is a more stringent measure
of membrane binding. Liposomes were incubated with 0.3 pM
Dyn2 mixed with a range of BINT concentrations and incubated
for 30 min. The mixture was then exposed to UV and sedimented.
In the absence of BINT, a substantial fraction of Dyn2 cosediments
with liposomes (Fig. 5C, CBB panel), and is also fluorescent
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Fig. 3. BIN1 and Dyn2 comprise a minimal two-component module that can manage MTCF. (A) Fluorescence image showing the distribution of Dyn2-mCherry
on the bilayer island. Dyn2-mCherry is colored in yellow, and the membrane is colored in gray and inverted in contrast. White arrows mark preexisting buds on
the island. (B) Plot showing membrane density of Dyn2 measured as the ratio of Dyn2-mCherry and membrane fluorescence on bilayers, buds, and tubules.
Data represent the mean + SD of 11 bilayer patches, 5 buds, and 9 tubules. Fluorescence (C) and scanning electron microscopic (D) images of a bilayer island
exposed to BIN1 with excess Dyn2 and GTP. The membrane is colored in gray and inverted in contrast. () Time-lapse images from Movie S9 showing recovery
after bleaching the fluorescent lipid probe in a large area of the bilayer island exposed to BIN1 with Dyn2 and GTP. The dotted line represents the boundary
of the bleached region. The membrane is colored in gray and inverted in contrast. (F) Plots showing fluorescence recovery of the lipid probe on the bilayer
(black) and on foci (red). Data represent the mean + SD of fluorescence on 10 foci and the underlying bilayer. (G) Fluorescence image showing the distribution
of BINTASH3-mEGFP and Dyn2-mCherry. Bilayers were imaged after 10 min incubation with 0.2 pM BIN1ASH3-mEGFP and 1.5 uM Dyn2-mCherry with 1 mM
GTP followed by a wash-off with buffer. (H) Fluorescence image showing the distribution of BIN1-mEGFP and Dyn2-mCherry in presence of GTP. Bilayers were
imaged after 10 min of incubation with 0.2 uM BIN1-mEGFP and 0.2 pM or 0.4 uM Dyn2-mCherry with 1 mM GTP followed by a wash-off with buffer.
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Fig. 4. Pathway to MTCF. (A) Time-lapse images from Movie S8 of bilayer islands exposed to the indicated concentrations of BINT-mEGFP and Dyn2-mCherry
with 1 mM GTP. White arrows mark tubular intermediates. (B) Time-lapse images of a bilayer island exposed to the indicated proteins in the absence of GTP.
Black arrows mark single tubules and green arrows mark coiled regions. See Movie S10. (C) Plot showing the growth rate of BIN1 tubules under conditions
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Black arrows mark single tubules, green arrows mark coiled regions and yellow arrows mark fission. See Movie S11. (E) Plot showing the growth rate of BIN1
tubules under conditions described in (D). Data represent the mean + SD of six tubules. (F) Plot showing the fission time, defined as the time interval between
appearance and fission of a tubule. Data represent the mean + SD of 12 events.

(Fig. 5C, fluor panel), indicating that readouts from cosedimenta-
tion and PLIMAP are consistent with each other. Increasing BIN1
concentrations causes a small but significant increase in Dyn2 levels
on the membrane. This is apparent from a quantitative densitomet-
ric analysis of Dyn2 levels in the pellet (Fig. 5C, CBB panel and
Fig. 5D). This is consistent with BIN1 facilitating recruitment of
Dyn2 on nanotubes (S Appendix, Fig. S3 A and B). But surprisingly,
the fluorescence signal of Dyn2 in the pellet shows a significant
decline, with an 80% reduction at a 1:6 Dyn2:BINI ratio (Fig. 5
C and D). Thus, increasing BIN1 levels recruits more Dyn2 but

PNAS 2024 Vol.121 No.20 2402180121

lowers the fraction of membrane-bound Dyn2. This could explain
the inhibition in fission seen with higher BIN1 concentrations
(Fig. 5 Aand B). Since the inhibition is dose-dependent, increasing
Dyn2 concentration would overcome this inhibition and explains
why fission requires a high relative concentration of Dyn2. Tubules
formed with BIN1ASH3 are resilient to fission, signifying that the
SH3-PRD interaction helps overcome the inhibition likely because
the multivalent SH3-PRD interaction would help attain the critical
Dyn2 concentration required for fission on the tubule at a lower
bulk Dyn2 concentration.

https://doi.org/10.1073/pnas.2402180121

7 of 11


http://www.pnas.org/lookup/doi/10.1073/pnas.2402180121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2402180121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2402180121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2402180121#supplementary-materials

Dyn2(S619L
A 0.1 M Dyn2 + GTP (after 10 mins) ** Dyn2(S619L)
-6~ Dyn2
No BIN1 +0.1 uM BIN1 +0.2 uM BIN1 +0.4 uM BIN1 +0.6 uM BIN1 510
i ity & o s N .Eq‘ . o s 30 |l o —— | ——— §
-————'-—s-.-~"" =9 -'J‘:'- R 5
T e . . — e —— - %= 0.5
. d - . NN O V|| .y | Waai———— g
. - o || ¥ "N .-, . — & " o = "4 . §
. . SV J———
‘q o [RE R - e e T o
i e | - - [ —— ] J T R N
toanvaR” F o * alid| B2 0.0 02 04 0.6
—23.6 ym—— BIN1 conc. (uM)
0.3 uM Dyn2 D -e- Total Dyn2
BINT  None +03uM +0.6 yM +1.2uM  +1.8 uM -*- Membrane-bound Dyn2
conc. ! S 50k
Dyn2 > — — | — ﬁ :
CBB £ 1.5t
BIN1—> —— S G —— g
= 1.0
c
2
Fluor & 0.5F
c
>
S P S P S P s p S P .0 06 12 18
BIN1 Concentration (uM)
E 0.1 uM Dyn2(S619L) + GTP (after 10 mins)
No BIN1 +0.1 uM BIN1 +0.2 uM BIN1 +0.4 uM BIN1 +0.6 uM BIN1
i a -... ‘O ..' -, N, vJ‘_‘O;_ - —— R |
¢ e - . o - . - R N - |
@ b -d .._-.~..‘...c.. - e __\)unr-m—-—’ff
. . . PO R o | —_—
' T g oo sgef -7 0 =:|fr s~
..0 ot - @ Cimee o : * ..: ‘ f\\; L8 | -
. . >-: Ll o | e s "
— 236 ym——

Flowing 0.2 uyM BIN1 + 0.4 yM Dyn2 + GTP (time interval = 2.4 s)

& - .

Flowing 0.2 uM BIN1 + 0.4 uM Dyn2(S619L) + GTP (time interval = 2.4 s)

o . ..

— 19.0 ym —
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Dyn2 binds PI(4, 5)P, in the membrane through the
pleckstrin-homology domain (PHD). Our results indicate that BIN1
inhibits Dyn2 functions by reducing its membrane binding. The
PHD binds the stalk domain of Dyn2 in solution (50). The stalk
domain mutation S619L interferes with this binding and relieves
autoinhibition thereby facilitating Dyn2 oligomerization. But this
mutation also enhances Dyn2’s membrane binding and facilitates
fission (25, 46, 51). Importantly, the S619L represents a CNM-linked
gain-of-function mutation (18, 52, 53). On membrane nanotubes,
increasing concentrations of BIN1 only partally inhibited the
Dyn2(S619L)-catalyzed fission (Fig. 5E). Thus, in the presence of 0.6
pM BIN1, while Dyn2 showed no fission (Fig. 54), the fraction of
severed tubes with Dyn2(S619L) rose to ~0.75 (Fig. 5B, red data).
This effect is more apparent on the frequency of cuts on individual
nanotubes after 2 min of the fission reaction where Dyn2(S619L)
showed a significantly higher fission efficiency than Dyn2 (S Appendix,
Fig. S3C) and was less susceptible to BIN1-mediated inhibition than
Dyn2 (Fig. 5B, red data). Finally, we tested Dyn2(S619L) mixed with
BIN1 on bilayer islands. As shown earlier, reactions with twofold
molar excess of Dyn2 over BIN1 showed only tubulation and no
fission (Fig. 3H). This is apparent in time-lapse images of the bilayer
island exposed to 0.2 pM BIN1 and 0.4 pM Dyn2 with GTP (Fig. 5F
and Movie S14), where tubules grew and because coiled. But reactions
with 0.2 pM BIN1 and 0.4 pM Dyn2(S619L) with GTP showed
remnants of severed tubules, which appeared as foci, indicative of
fission (Fig. 5F and Movie S14). The difference is more apparent at
early time points where mixtures containing W1 Dyn2 showed longer
tubules while those with Dyn2(S619L) showed numerous foci (Fig. 5
F, Inset).

Discussion

Here, we establish a facile planar bilayer template and a broadly
applicable workflow for analyzing dynamics of membrane tubu-
lation and its subsequent fission. Using these templates, we pres-
ent insights into early steps in the tubulation reaction and
mechanisms that regulate MTCE Thus, MTCEF is an emergent
phenomenon that arises from a molecular coordination between
a BAR domain protein and dynamin wherein the BAR domain
protein recruits but inhibits dynamin functions. Furthermore,
we evaluate functions of CNM-associated mutants in BIN1 and
Dyn2 and our results establish a causal link between MTCEF and
the CNM pathology. Together, our results highlight the potential
of cushioned planar bilayer islands for analyzing cellular pro-
cesses involving membrane tubulation and fission through
reconstitution.

Previous analysis from negative-stain EM of the BIN1 N-BAR
domain shows that deletion of the tip portion (residues 147 to
176) or the R154Q mutant forms tubules of a similar size as WT
but the internal order in arrangement of protein subunits is lost
(38, 43). So, loss of tip residue interactions renders BIN1 to form
aloose protein scaffold on the tubule. The difference between our
estimates and those reported earlier could arise from the analysis
of tubules drawn out of a planar bilayer island, where the mem-
brane tension is low, compared to those on liposomes. The size of
a BIN1-coated tubule likely reflects a balance between protein
scaffolding mediated by tip-residue interactions and membrane
wedging mediated by insertion of the H helix. Our results indi-
cate that weakening of tip-residue interactions causes the tubules
to become thinner, which likely manifests from the wedging effect
becoming dominant. Future structural analyses of tubules drawn
from planar bilayer islands would address this aspect.

The influence of BAR domain proteins on dynamin-catalyzed
membrane fission has been extensively studied, but results differ

PNAS 2024 Vol.121 No.20 2402180121

depending on the choice of the assay system and the specific set
of proteins tested (26). GUV-based experiments have indicated
that amphiphysinl and endophilin 1 facilitate dynamin recruit-
ment to the membrane, thereby causing their shrinkage which
was assumed to reflect vesiculation (54). On the other hand, results
using SUPER templates, where vesiculation can be quantitated
by a bulk measurement of released vesicles have shown that amph-
iphysin1 facilitates dynamin-dependent vesiculation while endo-
philin1 does not (23). More recently, a mixture of BIN1 and Dyn2
was shown not to vesiculate SUPER templates (25). Our results
indicate that fission is sensitive to the relative levels of the BAR
domain protein and Dyn2. Thus, a likely cause for the discrepancy
is because some of the previous studies have not tested a
dose-dependent effect of Dyn2 on fission. Furthermore, we find
that severed BIN1-coated tubules remain tethered to the bilayer,
which would complicate readouts from a SUPER template pel-
leting assay that relies on quantitating released vesicles. Our results
with cushioned bilayers show that Dyn2 does not bind these pla-
nar membranes and that tubulation by BINT serves to recruit
Dyn2. This is likely also the case for proteins like amphiphysin1
and endophilinl, which could facilitate dynamin recruitment to
the membrane by their combined ability to bind dynamin and
tubulate the membrane. The ability to directly visualize and cor-
relate protein recruitment and membrane tubulation with fission,
which has not been possible with GUVs or SUPER templates,
emphasizes the potential of cushioned bilayer templates. But on
membrane nanotubes which by themselves support dynamin
binding and fission, BAR domain proteins inhibit dynamin func-
tions (26). This is consistent with what we observe with BIN1.
Previous studies have established that BAR domain proteins serve
as adaptors to recruit dynamin to the membrane (25, 26, 54). In
most cases, Dyn2 recruitment was assayed using liposome pellet-
ing or fluorescence microscopy and our results with BIN1 are
consistent with these reports. In addition to a protein-based inter-
action, BINT’s ability to induce clustering of PI(4, 5)P, via its
N-BAR domain has been suggested as a mechanism for dynamin
recruitment (24). Such a mechanism could contribute to the coop-
erative recruitment of dynamin as well as BIN1 to the membrane.
But our results from testing BIN1 and Dyn2 interaction at varying
stoichiometries inform of a mechanism whereby an adaptor
recruits but inhibits dynamin’s membrane binding. This has been
revealed because of a proximity-based lipid cross-linking assay
coupled with liposome cosedimentation. A likely mechanism by
which BINT inhibits Dyn2’s membrane binding is by the PI
stretch in BIN1 sequestering P1(4, 5)P, and making it unavailable
for dynamin. This is consistent with observations that the inhib-
itory effect of BIN1 on Dyn2 can be overcome by the S619L
mutation, which confers Dyn2 with a higher membrane binding
affinity. Such a mechanism might have uniquely evolved in BIN1
because of its function in forming stable T-tubules. On the other
hand, BAR domain proteins that are involved in fast endocytic
trafficking such as amphiphysinl and endophilinl might not
impose such inhibition on dynamin function because they lack
the PI stretch.

Our results provide insights into the functional partnership
between BIN1 and Dyn2. CNM-linked BIN1 and Dyn2 mutants
tested here display aberrant functions in membrane tubulation and
fission and these results become relevant in understanding
CNM-like pathology. The architecture of stable T-tubules in tissues
has been well studied but an understanding of the early steps in
their biogenesis is only beginning to emerge. Live imaging of
T-tubule development in zebrafish embryos suggests a pathway
wherein BIN1 along with other proteins form dynamic endocytic
tubules at the plasma membrane, some of which are captured and
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stabilized by contacts with the sarcoplasmic reticulum (5). This
endocytic capture model highlights similarities between early stages
of T-tubule biogenesis and clathrin-independent trafficking path-
ways that involve a tubular membrane intermediate. Recent work
visualizing the plasma membrane of unroofed differentiated
myotubes shows BIN1-positive tubules emanating from ring-like
platforms composed of caveolar proteins (55). Dyn2 is a stable
component of developing and mature T-tubules but surprisingly
also functions to sever BIN1 tubules and a dysregulation of this
process is linked to CNM (17, 18, 20, 21, 25, 46). Our results
demonstrate that the relative levels of Dyn2 and BIN1 determine
whether tubules remain intact or get severed. BIN1 competitively
inhibits Dyn2 functions at the level of its membrane binding. At
low ratios of Dyn2 and BINT, this inhibition prevents severing of
BIN1 tubules. High Dyn2 concentrations overcome this inhibition
and render the BIN1 tubule susceptible to fission. BIN1 and Dyn2
levels are mutually regulated during muscle development (16).
DPerhaps, at early stages during development where Dyn2 levels are
relatively high, fission of emergent BIN tubules acts as a quality
control mechanism. Tubules that form contacts with the sarcoplas-
mic reticulum are left intact while others are pruned and turned
over. Hypoactive BIN1 mutants would produce fewer and struc-
turally defective tubules while hyperactive Dyn2 mutants would
result in excessive pruning, both of which would lower tubule
densities and eventually impact T-tubule architecture.

Our results provide insights into mechanisms that regulated
MTCE which could be relevant in vesicular transport. MTCF
dynamics seen with BIN1 and Dyn2, where the tubule extends
for a considerable length before undergoing fission, is reminiscent
of several intracellular transport reactions involving a tubular
intermediate (2, 3, 7). Pathways that form vesicular transport
carriers, such as during clathrin-mediated endocytosis where the
coat imposes a bud-like architecture on emergent transport inter-
mediates are quite well-characterized in terms of mechanisms
that regulate their budding and fission. The budding process
defines a neck, which is the region with the highest membrane
curvature, and drives the assembly of BAR proteins that eventu-
ally recruit dynamin for fission (13). On the other hand, mech-
anisms that coordinate growth and fission of tubular transport
carriers (TTCs) remain less understood (56). TTCs are apparent
in numerous clathrin-independent endocytic and endocytic recy-
cling pathways (2, 3, 7, 57-59). For a TTC-based transport
pathway to function optimally, membrane tubulation must be
coordinated with fission. Excessive tubulation or premature fis-
sion would affect throughput of the transport reaction.
Furthermore, tubules display the same membrane curvature along
their entire length, so a mechanism that utilizes a gradient of
curvature to define the fission site is untenable. Proteins such as
sorting nexins (SNXs), which contain a membrane binding and
bending domain are overrepresented in intracellular TTC-based
transport pathways. SNXs contain a PX domain that binds phos-
phoinositide lipids and a BAR domain that forms a tubular scaf-
fold or coat (59, 60). The presence of these domains would
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render SNXs capable of both initiating and progressively tubu-
lating donor membranes. But our results suggest that the same
features could also intrinsically regulate fission. Our results with
BIN1, which also contains a membrane binding PI stretch and
membrane bending BAR domain, inform of a mechanism that
regulates MTCE BIN1 recruits Dyn2 through SH3-PRD inter-
actions but inhibits its membrane binding, likely because the PI
stretch of BIN1 competes with the PHD of Dyn2 for PI(4, 5)P,
binding. This dual effect of potentiating recruitment but inhib-
iting membrane binding signifies a mechanism for how a protein
scaffold regulates MTCE While the exact mechanism that man-
ages release of TTCs remains unclear, a similar competition for
phosphoinositide lipids between the SNX coat and the putative
fission catalyst could determine fission rates, thereby regulating
the throughput of TTC-based transport pathways. Reconstituting
such reactions using the membrane template described here rep-
resents an exciting avenue for future research.

Methods

Expression, Purification, and Fluorescent Labeling of Proteins. Human
BIN1-EGFP (isoform 8) (Addgene plasmid #27305) and human Dyn2-mCherry
were cloned in pET15b with an N-terminal 6xHis and a C-terminal Strepll tag.
Human dynamin 2 was cloned in pET15B with a C- terminal Strepll tag. Mutations
were introduced using PCR. All clones were confirmed by sequencing. Proteins
were purified as described in S/ Appendix. For FRAP experiments, BIN1 was labe-
led with fivefold excess of Texas Red-C5-maleimide (Invitrogen) in 20 mM HEPES
pH 7.4 with 150 mM NaCl. The reaction was quenched with excess DTT, and the
unreacted dye was removed by extensive dialysis.

PLiMAP. PLIMAP assays with diazirine derivatives of BODIPY FL or BODIPY TMR
phosphatidylethanolamine were carried out as described earlier (35, 36) and
are detailed in SI Appendix.

Field Emission Scanning Electron Microscopy. Samples were fixed and pro-
cessed for EM inside the flow chamber as described in S/ Appendix.

PEG-Cushioned Bilayer Islands and Membrane Nanotubes. Membrane
templates were formed on glass coverslips covalently conjugated with PEG400
or PEG8000 as described earlier (34) and detailed in S/ Appendix.

Fluorescence Imaging and Image Analysis. Reactions were imaged through a
100x, 1.4 NA oil-immersion objective on an Olympus IX83 inverted microscope
connected to an LED light source (CoolLED) and an Evolve 512 EMCCD camera
(Photometrics). Image acquisition was controlled by pManager and images were
analyzed using Fiji(61). Tubule sizes were estimated based on a calibration proce-
dure as described earlier (34). Fluorescence image analysis routines are described
in Sl Appendix.

Data, Materials, and Software Availability. All study data are included in the
article and/or supporting information.
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